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Abstract
This research work deals with the early design of manufacturing systems following a knowledge management approach. The 
proposed knowledge based framework facilitates the definition, storage and extraction of past knowledge in terms of production 
line layouts. Semantics technology and artificial intelligence approaches such as inference rules and similarity measurement are the
main pillars of the framework. The knowledge based framework is integrated within a greater framework, virtual factory 
framework that allows the knowledge extraction from a series of software tools used during the whole factory lifecycle. The 
concept and the implementation is tested in the early design of a steel fabrication line case study.
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1. Introduction
Design is a knowledge intensive process relying
significantly on the experience of designers and 
engineers.  It is indicative that around 20% of the
edicated to searching and analyzing 
past available knowledge [2], while 40% of the
information required for a design is identified through 
personally stored information, although other sources of 
information may be more reliable [3].  For these reasons
a number of knowledge based approaches have been
introduced aiming to capture, store and reuse the design 
knowledge. In [4] a generic facility knowledge model is
developed to support process planning decisions. The
proposed model classifies manufacturing knowledge into
3 types: facility, resource and process. Based on the
proposed model, a software tool is developed that acts as 
a decision support tool. Demonstration of the tool is
performed for decision support in the case of a high-
accuracy tapered hole. The software allows integration 
of implicit knowledge for product design while
recommending a course of action to the end user. In the
context of the knowledge management system for 
process planning an ontology is developed for the
description of the process planner environment [5]. The
instances and classes of the process-planning ontology 
concerning facility data, such as machines, tools, raw 
data and order data such as product geometry, product 
dimensions, order quantity and due data, are organized 
in facility and order data hierarchies. The proposed 
model evaluates candidate production methods for 
product development and assists in selecting the most 
suitable processes and resources. In [6] methodology for 
lifecycle management of production facilities is
presented. The proposed methodology utilized an
ontology based modelling in order to describe relevant 
manufacturing domains. After the knowledge is defined
in the ontology, a database is constructed and an
inference machine is employed for an automatic
reasoning on the knowledge base. The methodology
applied to a use case from the automotive industry for 
planning and reuse of manufacturing facilities. In [7] a 
comprehensive equipment ontology is proposed to
facilitate the effective design of reconfigurable assembly
systems that is based on the function behaviour-
structure paradigm. The developed domain ontology was
integrated in a web-enabled assembly system design 
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framework. In [8] a knowledge model is proposed as a 
basis for an agent based reconfiguration mechanism for 
fast reconfiguration of modular manufacturing systems. 
A software tool that complies with existing standards 
and decides the new manufacturing configuration is 
developed. In [9] a model is proposed to discover 
knowledge which is embedded in the relationship 
between product features and the corresponding 
manufacturing capabilities. The model aims at capturing 
relationship between product features, managing and 
preserving acquired systems design knowledge and 
automatically generating the required systems to produce 
new products. A cases study that realizes the relationship 
between a set of machined products and the milling 
machines that can produce them. 
A common characteristic of the knowledge based 
system is the need to be specialized to the design 
problem they intend to solve.  Specialization is required 
for the description of the specific knowledge that is 
required for a certain case, but at the same time 
specialization restricts the applicability of the system 
only to the domain for which the knowledge has been 
captured. A major drawback of existing approaches is 
that knowledge is not utilized along with information 
provided by the other digital tools that are employed 
during the design of a manufacturing system such as 
discrete event simulation, and factory layout planning 
tools.  
The proposed knowledge based framework aims to 
capture, store and retrieve past knowledge that can be 
useful for the early design of manufacturing systems. 
The introduced framework envisions overcome the 
aforementioned issues by following a hybrid and 
integrated approach. The issue of specialization is aimed 
to be handled by following a hybrid concept for 
knowledge management. The introduced hybrid system 
dictates the development of generic mechanisms for 
knowledge capturing, storage and reuse that can be 
applied to diverse types of design problems and the 
implementation of a specific knowledge based for each 
specific manufacturing systems design problem. The 
current knowledge base framework although it can be 
stand alone application, it is also integrated within a 
greater framework, the Virtual Factory Framework, that 
permits the seamless data exchange between digital tools 
used during the whole lifecycle of a manufacturing 
system. 
Chapter 2 describes the main functionalities and 
pillars of the Virtual Factory Framework.  In chapter 3 
the knowledge based framework and its components are 
presented. The applicability of the proposed approach is 
illustrated within chapter 4, where the early design of a 
steel fabrication line is presented.  Chapter 5 concludes 
the paper discussing the benefits, the drawbacks and the 
future research steps of the proposed knowledge based 
system. 
2. Virtual Factory Framework 
VFF is a framework that provides a collaborative 
virtualized environment which facilitates the sharing of 
factory resources, manufacturing information and 
knowledge and supports the factory planning phases 
ranging from the requirements definition up to factory 
dismantling [10].  The approach of VFF is based on the 
four following pillars: 1) Semantic Shared Virtual 
Factory Data Model (VFDM); 2) Virtual Factory 
Manager (VFM); 3) Decoupled VF Modules; 4) 
Integration of Knowledge. 
The VFDM covers all the relevant fields related to the 
Factory domain and exploits existing technical standards 
to represent the data of a fully digitized factory. VFDM 
covers the data areas concerning product, resource, 
process, strategy, performance management and 
building. Moreover, it serves as the common definition 
of data to be used and updated by the decoupled modules 
functional modules via the VFM. The VFDM is 
designed and implemented as an ontology by adopting 
the OWL language and is decomposed into macro areas, 
creating a hierarchical structure of ontologies, thus 
decomposing the problem and downsizing its complexity 
while keeping a holistic approach. The VFM is a 
platform responsible for exchanging and managing data 
for all software tools within the framework. In order for 
to fulfill its role the VFM provides: 1) Platform 
independent interfacing capabilities; 2) A mechanism to 
ensure data consistency and manage concurrent data 
access; 3) A mechanism to manage evolving Factory 
Data; 4) Data safety in case of hardware or user errors; 
5) A mechanism for extending its capabilities; 6) 
Appropriate response time; 7) A Semantic Web 
Endpoint. The Decoupled VF Modules are software 
tools that provide a series of functionalities, ranging 
from discrete event simulation up to performance 
monitoring and decision support, throughout the factory 
lifecycle from requirements phase up to dismantling. 
While the VF Modules are implemented in various 
programming languages and require different operating 
systems they all share the following common features, in 
particular interfacing capability with the VFM and 
semantic data handling. 
The Knowledge Framework provides the integration 
of the knowledge management within the VFF. The aim 
of the knowledge framework is discovering, defining 
and storing knowledge related to all the phases of the 
factory planning. This knowledge is extracted from and 
is close related to the SW modules that are also 
integrated within the VFF.  The Knowledge Framework 
is further explained in great detail in the chapter 4. 
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Fig. 1. Knowledge Based Framework Component Diagram 
 
3. Knowledge Framework 
This section aims to outline the basic components of 
the knowledge framework along with their 
functionalities. As presented in Figure 1 the main 
components are: 1) Semantic Repository; 2) Semantic 
Repository Abstraction Layer (SRAL); 3) Virtual 
Factory Manager Interface (VFMI); 4) Knowledge 
Association Engine; 5) Semantic Repository Interface 
(SRI) [12]. 
The Semantic Repository application provides the 
ontology storage and reasoning capabilities of the 
framework. The Knowledge Repository Abstraction 
Layer facilitates access to the Semantic Repository by 
providing a simple mechanism for accessing the 
Manager Interface serves as a one way bridge between 
the VF Manager and the Knowledge Framework; 
additionally it is capable of communicating with the 
SRAL to synchronize creation/deletion of repositories. 
The Knowledge Association Engine is a web application 
that enables rule creation and editing capabilities along 
with similarity measurement based on the semantic data 
from the Knowledge Repository. The extensibility of the 
Knowledge Framework is ensured by the KRAL and 
VFMI components which provide all the necessary 
interfaces for integrating a new component in the 
framework, thus extending its functionality. 
3.1. Semantic Repository & VFDM 
The VFDM is holistic, covering all the relevant fields 
related to the Factory domain and exploit existing 
technical standards to represent the data. Moreover the 
VFDM is extensible and guarantees the proper 
granularity, providing at the same time the enablers for 
data consistency, data safety, and proprietary data 
management. The VFDM has been designed by adopting 
the OWL language (W3C OWL) and defining all the 
classes, properties and restrictions that can be used to 
create the individuals to be stored in the data repository. 
Due to the wide range and heterogeneity of the 
knowledge domains to be covered the VFDM has been 
decomposed into the Factory, Building, Product, 
Resource, Process, System, Strategy and Performance 
Management macro areas. Each macro area consists of 
one or more ontologies developed by referring to the 
state-of-the-art technical standards available in the 
different domains. The VFDM macro areas Performance 
Management, Resource, System and Product contain 
concepts such as Key Performance Indicator, 
Manufacturing System that can be exploited for 
similarity measurement. 
The Semantic Repository is a web application 
responsible for storing semantic data in the form of 
OWL ontologies and providing reasoning and rule 
execution capabilities. The SR is compatible with all 
three OWL variants, OWL Lite, OWL-DL, OWL Full. 
The data stored in the SR can be retrieved via SPARQL 
queries. Four types of queries are supported the Ask 
query, the Select query, the Insert query and the Delete 
query. The Ask query returns a Boolean value indicating 
whether the query pattern matched was matched or not, 
while the Select query returns the results that match the 
query pattern. The Insert query adds semantic data to the 
semantic repository and the Delete query removes data 
from the semantic repository. The Semantic Repository 
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provides a built-in reasoner that enables the application 
of rules over the stored data. The rules inference can be 
realized while querying the Semantic Repository and 
retrieving data from it. As outlined in (Inference) 
reasoning time increases as the number of OWL classes 
and individuals increase and therefore reasoning and rule 
execution should be performed only when specifically 
required. A query mechanism without reasoning and rule 
execution is offered by the SR to avoid performance 
degradation. 
3.2. Abstraction Layer and VFM Interface 
The aim of this component is to decouple the 
Semantic Repository (off the shelf component) from the 
rest of the Knowledge Framework components and 
expose all of the functionality of the Semantic 
Repository to the other components of the Knowledge 
Framework. KRAL facilitates the change or the switch 
of the semantic repository. In this way the knowledge 
framework is not restricted by the Jena framework and is 
more flexible. This is rather important since semantic 
repository technology is not well established yet, and the 
probability of a change in the selected semantic 
repository module, is likely to happen. This component 
is implemented as an Enterprise Java Bean (EJB) 
application and is embedded in the apache tomcat (The 
Apache Software Foundation, 2011) using the openEJB 
plugin. Additionally, KRAL is developed as a stateful 
session bean, meaning that each client has one instance 
in memory. It has direct access to the Semantic 
Repository application and moreover, it can directly 
communicate with the built-in rule engine, thus enabling 
other Knowledge Framework components to control rule 
execution. 
Software modules that are integrated within the VFF 
store their data in the VFM repository.  In order to 
extract knowledge from the data stored in the VFM 
repository it is required to synchronize the VFM 
repository with the SR. Responsible for this data 
synchronization is the VFMI component. It is developed 
as an EJB application, also embedded in the apache 
tomcat. The VFMI does not have direct access to the 
Knowledge Repository; instead it leverages the 
functionality of the Knowledge Repository Abstraction 
Layer. 
3.3. Knowledge Association Engine 
The aim of the KAE is to extract knowledge using the 
existing data stored in the Semantic Repository and to 
define new knowledge in the form of rules. These 
functionalities are used by the similarity measurement 
mechanism in order to achieve a combination of the 
rules with this mechanism.  The similarity measurement 
mechanism internally uses a similarity algorithm, which 
is applied to the data that have been retrieved by the SR. 
The kind of data to be retrieved from the SR by the 
similarity measurement function is controlled by the 
rules. KAE is developed as a web application with a 
server side and a client side part. The client side part is 
actually the Graphical User Interface (GUI) of the 
application, by which the users are allowed to have 
access to the application services. The server side part is 
the one where all the services of the application have 
been implemented. The Java technology along with Java 
Script and Java Server Pagers (JSP) are used for the 
implementation of this web application. In this way, a 
internal Java Script engine, and all well-known browsers 
meet this requirement by their default.  
The rule management of the Semantic Repository 
(SR) is supported by the KAE application. Rules are 
statements, which are applied to the data existing in the 
SR so as to create a new useful knowledge. Considering 
on, the Jena Framework 
has been used, the rules have to follow this approach. 
So, in the KAE application, the Jena Rule Language is 
supported for the writing of rules. For the rule execution 
and validation the built-in support of the Jena 
Framework is used for the implementation.  
The KAE application allows the user to store - 
 rules in the rule database and to activate them. 
For the execution, a rule engine is used. The Jena 
Framework, used for the implementation of the SR, is in 
support of a built in rule engine. When the KAE 
application executes rule-enabled SPARQL queries 
and inferred data are added to the ontology model before 
the actual execution of the query. 
Similarity measurement provides the mechanisms for 
discovering new knowledge from the data stored in the 
semantics repository. Past configurations of production 
lines are characterized by key performance indicators 
such as cost, time, flexibility and quality and include 
information about the processes and the resources. 
During the design of a new production line engineers 
search for past solutions that have fulfilled requirements 
similar to those of the new plant, requirements that are 
expressed. 
A great number of similarity measures exist and 
apply to specific demands.  The nearest neighbour 
technique, a widely used technology in the cased based 
reasoning retrieval process, computes the similarity 
between past cases (in our cases plant configurations) 
stored in the repository and the new case i.e. new plant 
configuration, based on weight features.  In the current 
approach, the following form of similarity measurement 
is used. 
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  (1) 
 
Where,T: the new (Target) case (configuration);S: the 
past (Source) case (configuration); j: one of the past 
cases (configurations); n: the number of KPIs 
characterize each case (configuration); i: one of the n 
individual configuration KPIs; wi: the weighting factor 
for the ith KPI; f: the similarity function; : the ith KPI 
of the target (new) case (configuration); :the ith KPI 
of the source (past) case (configuration) 
As a similarity function, a slight modification of the 
Minkowski measure is employed, providing normalized 
values ranging from 0 to 1, where 1 means a total 
similarity in contrast to 0 meaning total dissimilarity. 
 
  (2) 
 
Thus, each one of the past (source) cases 
(configurations) is compared with the new (target) case 
(configurations).  The past case (configuration) with the 
greatest similarity value, i.e. nearest to 1 is selected to be 
the proposed solution used as a reference design 
configuration. 
4. Case Study 
In this section, there is a presentation of the way that 
the proposed framework can be applied to an exemplary 
case study coming from the manufacturing of production 
lines for the steel construction and forging industries.  
This case study deals with the early design of a new steel 
fabrication facility for a steel company whose final 
product is H beams. 
In the use case company, the design of a new 
production line does not start from scratch.  Past 
implemented layouts and predefined layout ideas that 
have not been yet implemented are usually employed as 
a basis for the design of the new production line. 
Engineers based on the basic requirements of the 
customers use their own knowledge and try to recall 
these past layout ideas and they search the production 
line designs stored locally in their CAD systems. With 
the application of the virtual factory framework, the cad 
drawings, the discrete event simulation models etc are 
stored in the Virtual Factory Manager Repository 
(VFMR).  Knowledge Association Engine (KAE) 
searches the most similar production line layout based 
on the requirements of the customer and proposes it to 
the company as a first solution.   
The proposed framework is applied to this problem 
attempting to support the early design of a production 
line by utilizing systematically past knowledge.  In order 
to do so, three steps must be followed: 1) Knowledge 
Definition, 2) Knowledge Storage and 3) Knowledge 
Extraction. The knowledge is defined with the help of 
 rules and the ontology. 
Knowledge Repository is responsible for the storage of 
the knowledge and the instantiations of the ontology. 
Knowledge extraction is performed with the execution 
of the defined inference rules and by performing 
similarity measurements. 
Knowledge definition is based on the exploitation of 
the developed ontology. The utilized entities of the 
ontology that model the knowledge domain are grouped 
in the template presented in Table 1. This template 
includes the main characteristics of a production line 
configuration. The configuration includes the processing 
units that compose the line, the shotblaster and the 
connections between the processing units, the entry and 
the exit area. Each processing unit is composed from a 
machine, a handling system and workers. So the in the 
template, processing unit is further detailed into the 
machine type and model, the number of workers that are 
required for its operation and the handling system. The 
machine type is actually the process type that the 
machine is capable of. In this use case for the production 
of an H beam, three process types are considered: 1) 
coping, 2) sawing, 3) drilling.  The majority of machine 
models are capable for only one process, while there are 
combined machines that can perform two of the 
aforementioned processes. The handling system is 
related to the feeding of the machine and it can be either 
automatic or manual. Finally, the shotblaster is also 
considered.  Shotblaster can be placed either at the start 
or the end of the production line, so there is the related 
parameter in the template. Shotblaster is always required 
for the production of an H beam. However, a shotblaster 
can be shared by two or more production lines, so a 
production line may be considered without a shotblaster. 
The template contains also characteristics related to the 
annual volume of the production line. More specifically, 
the productivity of the production line measured in tones 
per hour is included. Additionally the required 
percentage of each process (and the shotblaster is also 
within the template. Finally the total area of the 
production line as well as the ratio between the 
maximum length and width are included. 
The presented template is filled in for each past 
configuration line that has been designed and 
implemented as well as for configurations that have only 
been designed. As it is already mentioned this template 
exploits a part of the ontology and the production lines 
that are used as knowledge are instantiations of the 
ontology. The ontology is instantiated with the values of 
each filled in template, that is stored in the Semantic 
Repository and each ontology instantiation is linked with 
the related CAD files. In this way the Knowledge 
Storage is performed. 
The Knowledge Extraction concerns the retrieval of 
past configurations along with the necessary CAD files 
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that are close to the requirements of a new production 
line. The first step of retrieval of past solution is the 
determination of the requirements that are described as 
characteristics in the template. In particular the annual 
volume characteristics from 1.1 up to 1.5 as well Area 
and Shotblaster existence are described. Afterwards, the 
significance of each characteristic that represents a 
requirement is determined with the help of weighting 
factor. Finally based on the similarity measurement a list 
of past configurations are proposed linked with the CAD 
files and proposed as first start for the design of the steel 
fabrication line. 
Table 1. Steel Fabrication Line Template 
# Characteristic  
1 Annual Volume 
1.1 Productivity (ton/h) 
1.2 Shotblaster percentage (%) 
1.3 Cutting percentage (%) 
1.4 Drilling percentage (%) 
1.5 Coping percentage (%) 
2 Area 
2.1 Total area (m2) 
2.2 Length/Width Ratio 
3 Layout Topology 
3.1 Processing Units (PU) 
3.2 Shotblaster 
3.3 Connections between PU 
3.4 Entry Area to PU 
3.5 PU to Exit Area 
4 Shotblaster 
4.1 Existence (Yes/No) 
4.2 Position (Start/End) 
5 Processing unit 
5.1 Machine Type 
5.2 Machine Model 
5.3 Number of Workers 
5.4 Handling System 
5. Conclusions 
A knowledge based framework integrated within the 
Virtual Factory Framework is presented within this 
paper. The framework facilitates the capturing, storage 
and extraction of knowledge exploiting its 
synchronization with the Virtual Factory Repository. 
Semantic technology is employed for the knowledge 
represenation and storage while for the knowledge 
extraction similarity measurement and inference rules 
are utilized. A case study related to the early design of a 
steel fabrication line is presented in order to show the 
applicability of the framework to a real industrial 
problem. 
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